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in T Cell Functions

Wan-li Liu,®® Yue-hao Lin,®P Han Xiao,® Shan Xing,®® Hao Chen,®® Pei-dong Chi,®® Ge Zhang®

State Key Laboratory of Oncology in Southern China, Collaborative Innovation Center of Cancer Medicine, Sun Yat-sen University Cancer Center,” Department of Clinic
Lab, Sun Yat-sen University Cancer Center,” and Department of Microbial and Biochemical Pharmacy, School of Pharmaceutical Sciences, Sun Yat-sen University,©
Guangzhou, China

ABSTRACT

Epstein-Barr virus (EBV) infection has been observed in tumor-infiltrated macrophages, but its infection effects on macrophage
immune functions are poorly understood. Here, we showed that some macrophages in the tumor stroma of nasopharyngeal car-
cinoma (NPC) tissue expressed the immunosuppressive protein indoleamine 2,3-dioxygenase (IDO) more strongly than did tu-
mor cells. EBV infection induced mRNA, protein, and enzymatic activity of IDO in human monocyte-derived macrophages
(MDMs). Infection increased the production of tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6), whereas the neu-
tralizing antibodies against TNF-a and IL-6 inhibited IDO induction. EBV infection also activated the mitogen-activated protein
kinase (MAPK) p38 and NF-kB, and the inhibition of these two pathways with SB202190 and SN50 almost abrogated TNF-a and
IL-6 production and inhibited IDO production. Moreover, the activation of IDO in response to EBV infection of MDMs sup-
pressed the proliferation of T cells and impaired the cytotoxic activity of CD8™ T cells, whereas the inhibition of IDO activity
with 1-methyl-L-tryptophan (1-MT) did not affect T cell proliferation and function. These findings indicate that EBV-induced
IDO expression in MDMs is substantially mediated by IL-6- and TNF-a-dependent mechanisms via the p38/MAPK and NF-kB
pathways, suggesting that a possible role of EBV-mediated IDO expression in tumor stroma of NPC may be to create a microen-
vironment of suppressed T cell immune responses.

IMPORTANCE

CD8™ cytotoxic T lymphocytes (CTLs) play an important role in the control of viral infections and destroy tumor cells. Activa-
tion of the tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase (IDO) in cancer tissues facilitates immune escape by
the impairment of CTL functions. IDO expression was observed in some macrophages of the tumor stroma of nasopharyngeal
carcinoma (NPC) tissue, and IDO could be induced in Epstein-Barr virus (EBV)-infected human monocyte-derived macro-
phages (MDMs). NPC cells and macrophages have been found to produce IDO in a gamma interferon (IFN-vy)-dependent man-
ner. Instead, EBV-induced IDO expression in MDMs is substantially mediated by IL-6- and TNF-a-dependent mechanisms via
the p38/MAPK and NF-kB pathways, which suppressed the proliferation of T cells and impaired the cytotoxic activity of CD8* T
cells. This finding provides a new interpretation of the mechanism of immune escape of EBV and shows the immunosuppressive
role of EBV-mediated IDO expression in tumor stroma of NPC.

pstein-Barr virus (EBV) is a ubiquitous human virus of the

herpesvirus family that is found in >90% of the world’s pop-
ulation. Infection with EBV is associated with infectious mononu-
cleosis and human malignancies including Burkitt’s lymphoma
and nasopharyngeal carcinoma (NPC) (1, 2).

EBV can infect monocytes/macrophages, intraepithelial mac-
rophages, and Langerhans cells (3, 4). Moreover, EBV expression
in macrophages infiltrating NPC, Burkitt’s lymphoma, and pri-
mary lung lymphoma has also been observed (5, 6). The interac-
tion of EBV with monocytes has been demonstrated to suppress its
phagocytic activity and inhibit its potent antiviral activity (7, 8).
EBV infection inhibits the development of dendritic cells by pro-
moting the apoptosis of their monocyte precursors (9). Con-
versely, one study reported that EBV infection of monocytes en-
hanced their survival and rapidly induced their maturation into
macrophages with the characteristics of potent antigen-present-
ing cells (APCs) (10). However, the effects of EBV infection on
macrophage immune functions are poorly understood.
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An immunomodulatory role for the enzyme indoleamine 2,3-
dioxygenase (IDO) in macrophage functions has been suggested
(11). IDO catalyzes the conversion of tryptophan into kynure-
nine, and altered IDO activity is often associated with pathology
including neoplasia and autoimmunity (12). Several studies have
described IDO-dependent T cell suppression by APCs in many
infectious and inflammatory conditions, indicating that biochem-
ical changes due to tryptophan catabolism have a profound effect
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on T cell proliferation and effector functions in tissue microenvi-
ronments (13-15). IDO-mediated tryptophan metabolism, not
only in APCs but also in tumor cells, represents a vital mechanism
for potential T cell suppression during tumor growth (16). Our
previous study indicated that exposure to the milieu created by an
IDO-positive NPC cell line significantly impaired lymphocyte cy-
totoxicity against target tumor cells (17).

IDO expression is induced in macrophages and several other
cell types under various physiological conditions, such as inflam-
mation induced by viral and bacterial infections (18). Infection
with dengue virus, HIV, poliovirus, and hepatitis C virus is asso-
ciated with IDO induction in various tissues and cell types, both in
vivo and in vitro (19-22). Previously reported evidence suggests
that EBV infection increases the expression level of IDO in B cells
and inhibits NK cell cytotoxicity (23). To date, whether IDO can
be induced by EBV-infected macrophages and what effects EBV
induction of IDO may have on macrophage immune functions
have not been investigated.

To elucidate the potential role of IDO in macrophages during
EBV infection, we investigated the signaling mechanisms by
which EBV infection induces IDO expression in human mono-
cyte-derived macrophages (MDM:s) and the possible role of EBV-
mediated IDO induction in creating a microenvironment of sup-
pressed T cell immune responses in MDMs.

MATERIALS AND METHODS

Cell culture. Peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll-Paque Plus gradient centrifugation of leukopacks derived from
25 healthy adult volunteers. Informed consent was obtained from the
volunteers prior to participation, in accordance with the human experi-
mentation guidelines of the Institute Research Ethics Committee of the
Cancer Centre, Sun Yat-Sen University. CD14* monocytes were isolated
from PBMCs by using magnetic CD14 microbeads (Miltenyi Biotech)
according to the manufacturer’s instructions. CD14 ™" cells were matured
into MDMs by 8 to 12 days in medium with 25 ng/ml macrophage colony-
stimulating factor (M-CSF) (R&D Systems). The isolation of CD4™ and
CD8™" T lymphocytes from PBMCs was performed by means of immu-
nomagnetic bead separation using a Dynal CD4- or CD8-positive isola-
tion kit (Invitrogen Dynal). The purity of CD4* and CD8™ cells was
>98%, as determined by flow cytometry. CNE2 (human NPC cell line)
and B95-8 (EBV-positive B cell line) cells were maintained in our labora-
tory. All of these cells were grown in complete RPMI 1640 medium sup-
plemented with 10% heat-inactivated fetal bovine serum (HyClone), 100
pg/ml streptomycin, and 100 U/ml penicillin under a humidified 5% CO,
atmosphere at 37°C in a CO, incubator.

EBV preparation and cell treatment. EBV was purified from B95-8
cell culture supernatants as previously described (24). In brief, virus was
propagated by inducing B95-8 cells with 30 ng/ml phorbol myristate ac-
etate (PMA) and 4 mM butyric acid (both from Sigma) for 3 days. The
virus was then pelleted by ultracentrifugation at 150,000 rpm for 90 min,
filtered through a 0.8-mm pore size filter, and stored at —80°C. Viral titers
were evaluated and adjusted to 2 X 107 transforming units (TFU)/ml.
Where indicated, virus stocks were inactivated by pretreatment with 9 mJ
of UV radiation with a Stratalinker instrument, which completely abol-
ished their ability to infect cells.

For the preparation of conditioned medium (CM), MDM cells
were seeded at 5 X 10° cells/ml for 24 h. Next, cells were infected with
EBV or UV-irradiated EBV (UV-EBV) at various TFU/ml values for
the indicated times. In certain experiments, 100 wM 1-methyl-L-tryp-
tophan (1-MT) (Sigma-Aldrich) was added to the medium. Subse-
quently, the culture supernatants were harvested as CM and stored in
aliquots at —80°C before use.

For antibody-blocking experiments, MDMs were preincubated with
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10 pg/ml of neutralizing antibodies against tumor necrosis factor alpha
(TNF-a) (mouse IgGl [mIgGl]; eBioscience) or interleukin-6 (IL-6)
(mIgG1; R&D systems) or isotype-matched control mIgG1 antibodies
(eBioscience) for 1 h at 37°C before EBV infection.

For inhibitor-blocking experiments, MDMs were preincubated for 1 h
at 37°C with 10 M U0126 (MEK/extracellular signal-regulated kinase
[ERK] inhibitor), 10 pM SB203580 (p38 inhibitor), 10 wM SP600125
(Jun N-terminal protein kinase [JNK] inhibitor), 0.3 wM wortmannin
(phosphatidylinositol 3-kinase [PI3K] inhibitor), or 30 wM SN50 (NF-«kB
inhibitor). NF-kB SN50M (30 wM) (the inactive control peptide) was
used as a negative control for SN50. Dimethyl sulfoxide (DSMO) was used
as a vehicle control. U0126 was purchased from Cell Signaling Technol-
ogy, and other reagents were obtained from Calbiochem. MDMs were
subsequently infected with EBV at 0.2 X 10> TFU for 48 h.

Immunohistochemistry and immunofluorescence. Immunohisto-
chemistry and immunofluorescence were performed by using paraffin-
embedded NPC tissues or EBV-infected MDMs (EBV-MDMs). For im-
munohistochemistry, a rabbit polyclonal anti-IDO antibody (1:200;
homemade) (17) and a mouse monoclonal anti-CD68 antibody (1:100;
BD Pharmingen) were incubated with tissue sections overnight at 4°C.
After washing, tissue sections were treated with biotinylated anti-mouse
or anti-rabbit antibody (Zymed), followed by further incubation with the
streptavidin-horseradish peroxidase (HRP) conjugate. For immunofluo-
rescence, tissue sections or MDM cells were incubated with antibodies
against IDO (1:200) or CD68-phycoerythrin (PE) (1:100; BD Pharmin-
gen) or the serum of a NPC patient who was positive for the EBV antibody
(1:100) (viral capsid antigen [VCA]-IgA titer of 1:1,280, as determined by
an immunofluorescence assay) at 4°C overnight. After washing, the slides
were incubated with fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibodies (1:1,000; Abcam) or Alexa Fluor 594-conjugated anti-
human IgG1 antibodies (1:1,000; BD Biosciences), and the cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma). The num-
ber of CD68* and IDO ™ cells in the tumor stroma was counted. The mean
values were derived from a visual analysis of 10 high-power fields (HPFs)
(magnification, X400), using a Nikon Eclipse E-200 microscope, which
corresponded to an area of 0.5 mm? per HPF.

Flow cytometry. CD14 " cells were separated from PBMCs by the use
of magnetic CD14 microbeads (Miltenyi Biotech). MDM:s were generated
from CD14™ cells in the presence of M-CSF. MDMs were infected with
EBV at 0.2 X 10° TFU/m], infected with UV-irradiated EBV, or not in-
fected with EBV for 48 h. Cells were fixed for 10 min in 1% paraformal-
dehyde and then permeabilized with 1% saponin (BD Pharmingen). A
FACScalibur instrument (Becton, Dickinson) and CellQuest software
(Becton, Dickinson) were used for flow cytometric analysis. Monoclonal
antibodies (MAbs) were obtained from BD Pharmingen, including anti-
CD3-FITC, -CD4-FITC, -CD8-PE, -CDI14-FITC, -CDI19-PE, -CD21-
FITC, -CD68-PE, -CD163-PE, and CD206-PE antibodies. The serum of a
NPC patient who was positive for the EBV antibody (1:100) (VCA-IgA
titer of 1:1,280, as determined by an immunofluorescence assay) and Al-
exa Fluor 594-conjugated goat anti-human IgG1 antibodies (BD Biosci-
ences) were used to detect EBV infection. A rabbit polyclonal anti-IDO
antibody (homemade) and goat anti-rabbit IgG1-FITC (Abcam) were
used to detect IDO expression. Negative controls included isotype-
matched antibodies (BD Pharmingen) and normal human serum (VCA-
IgG negative, as determined by an immunofluorescence assay), which was
treated as a control for detection of EBV infection.

Immunoblotting. Total protein extracts were prepared from MDM
cells after treatment for the indicated time intervals. IDO was detected
by using an anti-IDO polyclonal antibody (1:1,000). Mouse monoclo-
nal antibody to EBV latent membrane protein 1 (LMP1) (1:1,000;
Abcam), BZLF1 antibody (1:2,000; Millipore), and EBV nuclear anti-
gen 1 (EBNAL1) antibody (1:1,000; Santa Cruz Biotech) were used to
detect EBV protein expression in MDMs. An anti-B-tubulin monoclo-
nal antibody (1:5,000; Abcam) was used to confirm equal loading.

To examine the activation of mitogen-activated protein kinase
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FIG 1 High IDO expression levels in macrophages from nasopharyngeal carcinoma (NPC) tissue. (A and B) Representative IDO expression in NPC tissue
sections detected by immunohistochemistry (magnifications, X200 [A] and X400 [B]). The arrow indicates strong IDO expression in some stromal cells. (C and
D) Representative CD68 expression in NPC tissue sections detected by immunohistochemistry (magnifications, X200 [C] and X400 [D]). (E) Representative
staining of IDO (green, FITC), CD68 (red, Alexa Fluor 594), and nuclei (blue, DAPI) in NPC tumor stroma detected by coimmunofluorescence

(magnification, X 1,000).

(MAPK), PI3K, and NF-kB pathways, cell lysates were prepared from
MDMs infected with EBV at 2 X 10°> TFU/ml or without EBV infec-
tion and probed with specific antibodies against individual compo-
nents of these pathways (all antibodies were obtained from Cell Sig-
naling). The active forms of the three MAPKs (p38, JNK, and ERK),
Akt (a downstream target of PI3K), and the p65 and IkBa subunits of
the NF-kB complex were detected with rabbit monoclonal antibodies
to phosphorylated p38 (Thr180/Tyr1824), JNK (Thr183/Tyr185), ERK
(Thr202Tyr204), Akt (Ser473), IkBa (Ser32), and NF-«kB p65 (Ser536).
The total amounts of MAPK, Akt, and NF-kB proteins were analyzed with
rabbit monoclonal antibodies to JNK, Akt, and NF-«kB p65; rabbit poly-
clonal antibodies to p38 and ERK; and a mouse monoclonal antibody to
IkBa.

Quantitative PCR (qPCR). The total mRNA of the cells was extracted
after treatment for the indicated times. First-strand cDNA synthesis was
carried out by using 500 ng of total RNA. The quantification of target and
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reference (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) genes
was performed in triplicate by using a LightCycler 480 II instrument
(Roche, Applied Science). The primers used for real-time PCR were as
follows: forward primer 5'-GGCAAAGGTCATGGAGATGT-3" and re-
verse primer 5'-CTGCAGTCTCCATCACGAAA-3’ for IDO and forward
primer 5'-GCACCGTCAAGGCTGAGAAC-3’ and reverse primer 5'-TG
GTGAAGACGCCAGTGGA-3' for GAPDH.

Measurement of IDO activity. IDO activity was assayed according to
a method described previously (17). The cell culture medium was mixed
with trichloroacetic acid and then centrifuged. Next, the supernatant was
injected into a C,4 column and eluted with KH,PO,. The concentrations
of tryptophan and kynurenine were analyzed by high-performance liquid
chromatography (HPLC) (Waters). Tryptophan was measured by the de-
tection of its native fluorescence at 285-nm excitation and 365-nm emis-
sion wavelengths. Kynurenines were detected by UV absorption at the
360-nm wavelength in the same chromatographic run, and the results
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were processed by using Waters Breeze software, version 3.30. IDO activ-
ity was determined by calculating the kynurenine-to-tryptophan (Kyn/
Trp) ratio (WM/uM).

Cell proliferation. CD4* and CD8™ T cell proliferation was assessed
by a standard thymidine incorporation assay. Briefly, 1 X 10° cells were
cultured in various CMs and stimulated with plate-bound anti-CD3 MAb
(OKT3; ATCC) and soluble anti-CD28 MAb (BD Bioscience). After 72 h
of culture, 1 nCi [3H]thymidine was added, and incorporation was mea-
sured after 24 h with a B-Counter (Wallac).

EBV-specific cytotoxic T lymphocyte (CTL) assays against autologous
EBV-transformed lymphoblastoid cell lines (EBV LCLs) were performed
as described previously (25). Briefly, 5 X 10° to 10 X 10° PBMCs from
healthy donors were used for the establishment of an EBV LCL by infec-
tion of PBMCs with concentrated supernatants from the B95-8 working
cell banks. EBV LCLs were used as the target cells. To generate EBV-
specific CTLs, 2 X 10° PBMCs/ml were cocultured with y-irradiated
(40 Gy) autologous EBV LCLs. After 3 consecutive restimulations, the
cultures were expanded in RPMI 1640 medium containing 20 U/ml re-
combinant human IL-2 (rhIL-2) (R&D Systems) and 10% fetal calf serum
(FCS) medium. CD8™ T lymphocytes, separated from the expanded bulk
CTLs by anti-CD8 MAb-precoated Dynabeads (Invitrogen Dynal), were
incubated in different CMs at 37°C for 5 h just before the cell-mediated
cytotoxicity assay was performed and were used as the effector cells. The
cytotoxic activity of CD8% CTLs in different CMs was evaluated in a
standard 4-h >'Cr release assay. The effector and target cells were adjusted
to effector/T cell (E/T) ratios of 40:1, 20:1, and 10:1. Cytotoxicity was
quantified by the measurement of *'Cr release with a gamma counter
(Beckman 9000; Beckman Coulter). The percentage of specific lysis was
calculated as follows: 100 X (total count/min in experimental wells —
count/min of spontaneous release)/(count/min of maximum release —
count/min of spontaneous release).

Cytokine analysis. The qualification of cytokines in CM was per-
formed using a BD Cytometric Bead Array panel kit (BD Biosciences).
The analytes included in the 8-plex kit were IL-1(3, IL-2, IL-4, IL-6, IL-8,
IL-10, gamma interferon (IFN-v), and TNF-ca. The 8 cytokines were mea-
sured by flow cytometry according to the manufacturer’s instructions.

Statistical analysis. Paired f tests were used to analyze data, unless
otherwise indicated. We report the nominal P value for each comparison
without adjusting for multiple testing. Thus, these results should be inter-
preted cautiously due to the possible inflation of type 1 errors. A P value
of <0.05 was considered to be statistically significant.

RESULTS

IDO expression in macrophages of NPC tissue. To investigate
the exact expression level of IDO in vivo, IDO protein was detected
by immunohistochemistry of paraffin-embedded archived NPC
tissues. High IDO immunoreactivity was observed in NPC tissue
(Fig. 1A and B). IDO localization was observed in the cytoplasm of
some tumor cells. In addition, IDO staining was also observed in
certain cells within the tumor stroma, and these cells exhibited
stronger staining than did the cancer cells. To classify these IDO-
positive cells in the tumor stroma, CD68 was detected by immu-
nohistochemistry of NPC tissues. High CD68 expression levels
were observed at the tumor stroma region (Fig. 1C and D).
Furthermore, NPC tissue sections were coimmunostained with
anti-IDO and anti-CD68 antibodies and visualized by immuno-
fluorescence. As shown in Fig. 1E, in the tumor stroma, some
IDO-positive cells were colocalized with CD68-positive cells by
double staining. IDO-positive cells in the tumor stroma were ob-
served in all 23 tissue samples examined. About 71.5% of CD68™
cells expressed IDO protein (range, 21.2% to 89.7%) (Table 1).
These assays revealed that some macrophages in the tumor stroma
region of NPC tissue express IDO.

EBV infection induces IDO expression in MDMs. As macro-
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TABLE 1 Characteristics of nasopharyngeal carcinoma patients”

Value for nasopharyngeal

Characteristic carcinoma patients (n = 23)

No. (%) of patients of sex

Female 4(17.4)
Male 19 (82.6)
Median age of patients (yr) (range) 47 (19-76)

No. (%) of patients at clinical stage
I-1I 3 (13.1)
-1V 20 (86.9)
No. (%) of patients with WHO histological
classification
NKUC 17 (73.9)
NKDC 6 (26.1)
Macrophages
No. (%) of patients with CD68 ™" 23 (100)
macrophages isolated
Median no. of CD68 " macrophages/ 37 (14-67)
HPF (range)
No. (%) of patients with CD68 " IDO™ 23 (100)
macrophages isolated
Median no. of CD68" IDO™ 25 (6-58)

macrophages/HPF (range)
Median % IDO™*/CD68™ macrophages
(range)
“ HPF, high-power field; WHO, World Health Organization; NKUC, nonkeratinizing
undifferentiated carcinoma; NKDC, nonkeratinizing differentiated carcinoma.

71.5 (21.2-89.7)

phages in NPC tissues express IDO, we investigated whether EBV
infection altered IDO expression in macrophage cells. MDMs
were generated from CD14 ™ cells, in which CD3 T cells and CD19
B cells were not detectable (Fig. 2A to C). Figure 2D to G show that
the phenotype of MDMs was CD14"¢" CD163"&" CD206™e!™
CD68P°"""¢_ The level of CD21 expression was very low and was
observed for only 2.3% of MDMs (Fig. 2H). The Iytic infection
protein BZLF1 and the latent infection proteins EBNA1 and
LMP1 were expressed in MDMs infected with EBV, whereas none
of the three proteins were found in MDMs infected with UV-
irradiated EBV (UV-EBV) as well as in those without EBV infec-
tion (Fig. 2I). IDO expression in MDMs infected with EBV and
UV-EBV was assessed by qPCR and Western blot analysis, respec-
tively. The IDO mRNA and protein assays showed that IDO can be
induced in MDMs by infection with live EBV but not UV-EBV
(Fig. 3A to D). Infection with low-dose EBV (0.01 X 10° TFU) for
48 h was able to induce IDO expression. The IDO level was further
increased in a time-dependent manner, peaking at 48 h (Fig. 3A
and B), and in a dose-dependent manner, peaking at 0.2 X 10°
TFU (Fig. 3C and D). The enzymatic activity of IDO was also
investigated by HPLC. The enzymatic activity of IDO was almost
undetectable in the supernatant of MDMs infected with UV-EBV
but was observed in cells infected with EBV (Fig. 3E and F). These
results are consistent with the qPCR and Western blotting results.
Using an EBV-positive serum (Fig. 3G), about 54% (range, 52.1%
t056.7%) of MDMs were detected to be infected by EBV, and 47%
of MDMs showed EBV infection and IDO expression by flow cy-
tometric analysis. EBV infection and IDO expression were not
detectable in MDMs infected with UV-irradiated EBV (Fig. 3H).
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FIG 2 Purity of CD14 monocytes separated from PBMCs by magnetic CD14 microbeads. (A to C) Expression levels of CD14 (A), CD3 (B), and CD19 (C) were
determined by flow cytometry. MDMs were generated in the presence of M-CSF. (D to H) Expression levels of CD14 (D), CD68 (E), CD163 (F), CD206 (G), and
CD21 (H) were assessed. Gray, tested markers; white, isotype controls. Data are representative of three independent experiments. (I) Representative Western
blots for EBV proteins expressed in EBV-infected MDMs. The expression levels of BZLF, LMP1, and EBNAT in MDMs infected with EBV at 0.2 X 10° TFU/ml
(EBV), infected with UV-irradiated EBV (UV-irradiated EBV), or without EBV infection (RPMI 1640 [1640]) for 48 h were assessed by Western blotting.
B-Tubulin expression served as the control. Data are representative of three independent experiments, each with cells derived from a different donor.

These results confirmed that EBV infection can induce IDO ex-
pression in human MDMs.

Involvement of IL-6 and TNF-a in induction of IDO by EBV-
MDMs. To investigate the cytokines that are involved in the in-
duction of IDO in EBV-MDMs, cytokine concentrations were
measured by using a cytokine bead array. As shown in Table 2,
IFN-v, IL-2, IL-4, and IL-12 concentrations in the supernatants of
EBV-MDMs or MDMs infected with UV-irradiated EBV (UV-
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EBV-MDM) were below the limits of detection until 72 h. Low
levels of IL-1P were detected in the supernatants of both EBV-
MDM and UV-EBV-MDM cells, but they were not observed to be
significantly different. TNF-a was detected in the supernatant of
EBV-MDMs but was undetectable in control UV-EBV-MDM
cells. Levels of IL-6 and IL-10 were significantly increased in the
supernatant of EBV-MDMs compared to the levels in the super-
natant of UV-EBV-MDMs (IL-6, 46.3 *+ 5.2 versus 3.4 = 1.2

Journal of Virology


http://jvi.asm.org

A

300
250
200
150
100

OUV-EBV
MEBV

EBV Induces IDO Expression in Human Macrophages

B 300

Relative IDO mRNA

Relative IDO mRNA

250
200
150
100
50
0 _ [

0 0.01 0.1 0.2 0.4
Initial infective dose (TFUx10-e5)

” A_——.
0 o =

0 24 48 72
Time post-infection (h)

C Oh

UV-EBV EBV UV-EBV EBV

24h 48h 72h D EBV(TFU X 10-e5)

0 0.01 0.1 0.2 0.4

UV-EBV EBV UV-EBV EBV

IDO IDO

L T— — —

B-tubulin

‘—-—-’

B-tubulin [ — —

E 8 O UV-EBV F
7 = EBV 8
6 =7
-6 .
£ g
= 5 e
= # > 4
E 3 E 3
<, S
2 <
‘ l i
o —_—
2 0 0.01 0.1 0.2 0.4
0 24 48 72 N N " N

G MW Normal NPC

H

Time post-infection (h)

Infection with UV-irradiated EBV

Initial infective dose (TFUx10-e5)

Infection with EBV

o (%)
170- S i 9 -1 wod
130-¢ = " = >
S 2 S |
96- T e % o
e > ol > u
72- 2 W -, -, <
O < - L = 7
3 m » ! e
55- = c - ® - € - =
o c o - 3
= 3 =
- o . o
40 - S 2 et € % e T k
= £ 10 10 10 10 w00 B0 10 102 10° 10 100 10’ 102 10° 10

Anti-IDO

Control-FITC Control-FITC Anti-IDO

FIG 3 EBV infection induces IDO expression in monocyte-derived macrophages (MDMs). (A) IDO mRNA expression in MDMs infected with UV-irradiated
EBV (UV-EBV) (white) and live EBV (EBV) (black) at 0.2 X 10° TFU/ml for 0 h, 24 h, 48 h, and 72 h, assessed by qPCR. (B) IDO mRNA expression in MDMs
infected with UV-EBV or EBV for 48 h at different dosages, assessed by qPCR. (C) Representative Western blots for IDO protein expression in MDM cells infected
with UV-EBV or EBV at 0.2 X 10°> TFU/ml for the indicated time points. (D) Representative Western blots for IDO protein expression in MDMs infected with
UV-EBV or EBV for 48 h at various dosages. (E) Induction of IDO enzymatic activity in the supernatants of MDMs infected with UV-EBV or EBV at 0.2 X 10°
TFU/ml for the indicated time points. (F) Induction of IDO enzymatic activity in the supernatants of MDMs infected with UV-EBV or EBV for 48 h at various
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(H) IDO and EBV infection were detected in MDMs infected with EBV or UV-EBV at 0.2 X 10° TFU/ml for 48 h by flow cytometry with rabbit anti-IDO
antibodies and EBV-positive human serum. Rabbit IgG1 (Control-FITC) and an EBV-negative human serum (Control-Alexa Fluor 594) were used as controls.

Data are representative of three independent experiments. Bars represent the means = standard deviations of results from six donors.

pg/mlat 48 h; IL-10,9.3 = 1.8 versus 2.3 = 1.1 pg/mlat48 h [P <
0.001]). TNF-a levels (13.2 * 2.4 pg/ml) and IL-6 levels (46.3 =
5.2 pg/ml) reached their peak at 48 h post-EBV infection; the IL-6
level was substantially elevated (Fig. 4A and B). Given that TNF-a
and IL-6 are potent inducers of IDO expression, we examined the
possible involvement of these two cytokines in IDO expression
induced by EBV infection using neutralizing antibody assays.
Neutralizing antibodies against IL-6 and TNF-a significantly
blocked the increased IDO expression level and enzyme activity
induced by EBV-MDMs, and the combination of both antibodies
almost completely blocked the induction of IDO protein and its
enzyme activity (Fig. 4C and D). These data indicate that EBV
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infection is able to induce several proinflammatory cytokines in
MDMs, with the exception of IFN-y, and the expression of IL-6
and TNF-a mediated by EBV infection is involved in the induc-
tion of IDO.

Role of MAPK and NF-kB activation in expression of EBV-
induced IDO, IL-6, and TNF-«. Activation of the MAPK, PI3K,
and NF-kB signal transduction pathways is critical for IFN-y-
independent induction of IDO. We investigated whether EBV in-
fection activates the MAPK (p38, JNK, and ERK), PI3K, and
NF-kB pathways in MDMs by Western blot analysis using anti-
bodies against the phosphorylated forms of MAPK, Akt, and
NE-kB subunits. As shown in Fig. 5, live EBV rapidly induced the

jviasm.org 6665


http://jvi.asm.org

Liu et al.

TABLE 2 Levels of cytokines in supernatants of MDMs infected with EBV or UV-EBV

Mean cytokine concn (pg/ml) = SD*

UV-EBV EBV
Cytokine 0h 12h 24h 48h 72h 0h 12h 24h 48h 72h
IL-13 ND ND 0.5+ 0.2 1.2 +0.5 0.9 0.3 ND ND 0.4 *0.2 09*+0.3 1.1 04
IL-2 ND ND ND ND ND ND ND ND ND ND
1L-4 ND ND ND ND ND ND ND ND ND ND
IL-6 0.3 0.2 1.1 04 2.3+09 34+ 12 6.1 + 1.7 0.3 0.1 9.1 £ 1.4 19.3 = 3.1* 46.3 + 5.2* 39.3 £3.7*
IL-10 ND 0.5+ 0.3 1.1 05 23+ 1.1 3.1+ 1.7 ND 1.6 = 0.3* 4.1 +£0.7* 9.3 + 1.8* 8.3 = 1.9*
1IL-12 ND ND ND ND ND ND ND ND ND ND
IFN-vy ND ND ND ND ND ND ND ND ND ND
TNF-a ND ND ND ND ND ND 1.9+03 39*+04 13.2 €24 4.2 +0.2

4 UV-EBV, UV-irradiated EBV; ND, not detected. Asterisks indicate a P value of <0.001.

phosphorylation of p38, JNK, ERK, and Akt, which generally
peaked at approximately 30 to 90 min postinfection (Fig. 5A). In
resting cells, the p50 and p65 heterodimers of the transcription
factor NF-kB are sequestered in the cytoplasm by the IkB protein.
NE-kB activation involves the phosphorylation and subsequent
degradation of IkB and the phosphorylation of p65. EBV infection
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of MDMs led to an increase in the phosphorylation of IkBa and
p65 within 30 min. Synchronously, total IkBa was degraded at
between 30 and 120 min (Fig. 5B). The requirement of these path-
ways for the EBV-induced expression of IDO was also assessed by
using specific pharmacological inhibitors. As shown in Fig. 6A,
compared to the DMSO vehicle control, the p38 MAPK inhibitor
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FIG 4 Involvement of IL-6 and TNF-« in induction of IDO by EBV-infected MDMs. (A and B) IL-6 (A) and TNF-a (B) levels in supernatants of EBV- or
UV-EBV-infected MDMs at 0.2 X 10° TFU/ml for the indicated times. (C and D) Representative Western blots for IDO and 3-tubulin in cell lysates (C) and IDO
enzymatic activity in supernatants (D) of EBV-infected MDMs at 0.2 X 10° TFU/ml in the presence of neutralizing antibodies to IL-6 or TNF-a or isotype-
matched mouse IgG1 (mIgG1) control antibodies for 48 h. Bars represent the means = standard deviations of results from triplicate determinations. /\, below

the detection limit; *, P < 0.01; #*, P < 0.001.
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FIG 5 Activation of MAPK, PI3K, and NF-kB pathways in MDM cells infected with EBV. (A) Time course of MAPK and PI3K activation. Western blots of
whole-cell lysates of MDM cells infected with EBV at 0.2 X 10°> TFU/ml for various times (in minutes) were probed with antibodies to phosphorylated or total
forms of MAPKSs and Akt. Shown are representative Western blots of samples obtained from three donors. (B) Time course of NF-«B activation. Western blots
of whole-cell lysates of MDMs infected with EBV at 0.2 X 10° TFU/ml for various periods of time were probed with antibodies against phosphorylated or total
forms of IkB, p65, and B-tubulin. Shown are representative Western blots of samples obtained from three donors.

SB202190 significantly inhibited IDO mRNA expression. In con-
trast, The JNK inhibitor SP600125, the ERK inhibitor U0126, and
the PI3K inhibitor wortmannin had little effect on IDO mRNA
expression. Figure 6B and C show that SB202190 significantly in-
hibited IDO enzyme activity and protein production but that
SP600125, U0126, and wortmannin did not. Compared to its in-
active control, NF-kB SN50M, and the vehicle control, the NF-«B
inhibitor SN50 significantly suppressed IDO mRNA expression,
protein induction, and enzyme activities. Furthermore, the com-
bination of SB202190 and SN50 nearly completely abolished the
IDO produced by EBV-MDM cells (Fig. 6A to C). Next, we exam-
ined the effects of these inhibitors on the production of TNF-a
and IL-6, respectively. SB202190 and SN50 significantly decreased
the induction of TNF-« and IL-6 compared to the vehicle control.
Moreover, the combination of SB202190 and SN50 nearly com-
pletely abolished the production of TNF-a and IL-6 (Fig. 6D and
E). These results revealed that p38 MAPK and NF-kB activation
are involved in the EBV-mediated upregulation of TNF-a and
IL-6 production that, in turn, induces IDO expression in MDM
cells.

IDO produced by EBV-MDM cells suppresses the prolifera-
tion of CD4* and CD8™ T cells and impairs the cytolytic activity
of CD8™ T cells. To investigate whether the IDO produced by
EBV-MDM cells can suppress the proliferation of T cells, CD4™
and CD8™ T cells isolated from peripheral blood mononuclear
cells (PBMCs) were assessed by a standard thymidine incorpora-
tion assay. The culture medium from EBV-infected MDMs or
MDMs that were not infected with EBV were harvested as condi-
tioned medium (CM). CD4" and CD8" T cells were cultured in
these CMs under anti-CD3/CD28 MAD stimulation. The levels of
both CD4" and CD8™ T cell proliferation were significantly lower
in CM from EBV-infected MDMs than in that from uninfected
MDMs (Fig. 7A and B). Next, we tested whether the observed
effects of the CM from EBV-infected MDMs on CD4* and CD8™"
T cell proliferation rates were related to functional IDO enzyme
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activity. The specific IDO inhibitor 1-methyl-L-tryptophan (1-
MT) was used to block enzyme activity. As shown in Fig. 7C, CM
from EBV-infected MDMs had IDO enzyme activity, whereas CM
from uninfected MDMs had almost undetectable IDO enzyme
activity. In addition, the functional IDO enzyme activity in 1-MT-
treated CM from EBV-infected MDMs was dramatically inhibited
by 1-MT. When exposed to the 1-MT-treated CM of EBV-in-
fected MDMs, the proliferation of CD4" and CD8™" T cells was
almost completely restored by the addition of 1-MT (Fig. 7A and
B). Taken together, the data indicate that the medium collected
from IDO-positive EBV-infected MDMs suppressed CD4* and
CD8™ T cell proliferation in vitro.

To investigate whether IDO produced by EBV-MDMs has an
effect on the cytolytic activity of EBV-specific CD8" T cells, a
standard °'Cr release assay was conducted by using autologous
EBV-transformed lymphoblastoid cell lines (EBV LCLs) as targets
and EBV-specific CD8™ T cells as effectors. EBV-specific CD8" T
cells, generated from the expanded bulk CTLs by stimulation with
y-irradiated (40 Gy) autologous EBV LCLs, lysed the target cells at
different E/T ratios when exposed to CM from MDMs (MDM-
CM), whereas the lysis rate was remarkably reduced when the T
cells were exposed to CM from EBV-MDMs. The cytolytic activity
of EBV-specific CD8" T cells was effectively restored when ex-
posed to CM from EBV-MDM cells in the presence of 1-MT (Fig.
7D). These results suggest that the inhibition of CD8" T cell-
mediated cytotoxicity is attributed to IDO created by EBV-MDM,
and 1-MT can abrogate this effect. These findings provide a po-
tential role for the IDO produced by EBV-MDMs in impairing
CD8™ T cell cytotoxic function.

DISCUSSION

Our previous study revealed that IDO expression in NPC cells
resulting from IFN-vy induction contributes to local immune tol-
erance in NPC (17). In the present study, higher IDO levels were
observed in the tumor stroma than in the NPC tumor cells them-
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FIG 6 Role of MAPK and NF-kB activation in expression of EBV-induced IDO, IL-6, and TNF-a. MDM cells were incubated in medium (1640) (mock) or
infected with EBV in the presence of SB203580 (SB) (p38 inhibitor), SP600125 (SP) (JNK inhibitor), U0126 (ERK inhibitor), the PI3K inhibitor wortmannin
(WM), the NF-kB inhibitor (SN50), the NF-kB inactive control (SN50M), and the DMSO vehicle control. (A) Effects of MAPK, PI3K, and NF-kB inhibitors on
IDO1 mRNA expression, determined by qPCR. (B) Effects of MAPK, PI3K, and NF-«kB inhibitors on IDO enzyme activity in supernatants of EBV-infected
MDMs. (C) Representative Western blots of the effects of MAPK, PI3K, and NF-kB inhibitors on IDO protein expression. (D and E) Effects of MAPK and NF-kB
inhibitors on production of IL-6 (D) and TNF-a (E). Culture supernatants from MDMs infected with EBV for 12 or 24 h were assessed for the accumulation of
IL-6 (n = 5) and TNF-a (n = 5). Bars represent the means * standard deviations of results from three independent experiments. #, P < 0.001 compared to the

vehicle control.

selves. Given that viral infection can induce IDO expression in
macrophages and that EBV-infected macrophages have been ob-
served in NPC tissues, we then asked whether EBV infection of
macrophages can induce IDO expression. Indeed, we found that
EBV infection does induce IDO expression in MDMs but that
irradiated EBV cannot. These data suggested that EBV infection is
a potent inducer of IDO expression in MDMs.

In most cell types, IDO is induced in response to specific in-
flammatory stimuli. IFN-vy represents the principal IDO inducer,
and other inflammatory stimuli also induce IDO, including
TNF-a, IL-6, IL-1B, and lipopolysaccharide (LPS), although
markedly less than IFN-y (26-29). In the present study, TNF-a
synergized with IL-6 to mediate IDO induction in EBV-MDMs
and did not necessarily require the synthesis of IFN-+y. In line with
our results, several microbial infections of MDMs have been re-
ported to upregulate IDO expression in a TNF-a-dependent man-
ner but not in an IFN-y-dependent manner, including HIV, West
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Nile virus (WNV), Haemophilus ducreyi, and Listeria monocyto-
genes infections (20, 30-32). Synergistic activation of IDO by IL-
1B, TNF-a, and IL-6 in human monocytic THP-1 cells exposed to
LPS was reported previously (28). Recently, IL-6 was shown to
directly upregulate IDO expression in both Neuro-2a cells and an
organotypic hippocampal tissue culture (33). In addition, our
data indicate that a combination of anti-TNF-a and anti-IL-6
antibodies did not completely abolish the IDO production in-
duced by EBV infection, supporting the possible involvement of
additional molecules.

TNF-a-mediated activation of IDO through the MAPK/p38
and NF-kB pathways has been reported for microbial infections
(29-32, 34). Our data indicate that EBV induces IDO expression
in response to TNF-a and IL-6 stimuli in MDMs dominantly
though the activation of the MAPK/p38 and NF-kB pathways.
These results are consistent with previous studies that described
HIV-induced IDO expression in dendritic cells and WNV-in-
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FIG 7 Effects of IDO in conditional medium (CM) of EBV-MDM:s on proliferation of CD4* T cells and CD8™ T cells, and cytolytic activity of CD8™" T cells. (A
and B) Representative [*H]thymidine ([’H]TdR) incorporation proliferation assay of CD4™ T cells (A) and CD8" T cells (B) derived from PBMCs in CM of
MDM cells infected or not with EBV by coactivation with anti-CD3/CD28 antibodies. (C) Concentrations of kynurenine and tryptophan in the supernatants of
MDMs infected with EBV at 0.2 X 10° TFU/ml (EBV-CM), without EBV infection (CM), or infected with EBV and treated with 1-MT (100 wM) (EBV-CM +
IMT) for 48 h, as measured by HPLC. (D) Effects of IDO on cytotoxic activity of EBV-specific CD8 CTLs against target cell EBV LCLs. EBV-specific CD8 CTLs
were cultured in the CM of EBV-infected MDMs at 0.2 X 10° TFU/ml (EBV-CM), uninfected MDMs (CM), or MDMs infected with EBV and treated with 1-MT
(100 uM) (EBV-CM + IMT) for 48 h. Cytolytic activity against the target cells was evaluated by using a standard ' Cr release assay. The E/T ratios are indicated.
Bars represent the means * standard deviations of results from three independent experiments. *, P < 0.001.

duced IDO expression in MDMs that predominantly depended
on the activation of the MAPK/p38 and NF-kB pathways (20, 30).
It has been confirmed that EBV infection activates the PI3K, JNK,
and MAPK/p38 pathways and both the canonical and noncanoni-
cal NF-kB signaling pathways (35-37). Activation of the p38, JNK,
ERK, and NF-kB pathways leads to the production of IDO-induc-
ing cytokines such as TNF-a and IL-6, which act in an autocrine
manner to stimulate the MAPK and NF-«B pathways. The MAPK
and NF-«kB pathways contribute to IDO induction indirectly by
promoting the production of TNF-a and directly by regulating
IDO gene promoter activity, in which transcriptional factors, such
as AP-1, NF-kB, and NF-IL-6, are known to be activated by
TNF-a and IL-6 (28).

IDO expression in APCs and tumor cells can potently inhibit
the immune response (38, 39). It is therefore plausible that active
IDO, expressed in MDMs after EBV infection, acts to create an
immunosuppressive microenvironment. This mechanism may be
one of the mechanisms by which NPC cells evade the immune
response. Our data show that exposure to the microenvironment
created by IDO-positive MDM cells severely suppressed both
CD4" and CD8™ T cell proliferation. These results favor a model
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describing the proliferation arrest of T cells by IDO (39). In addi-
tion, we have presented evidence that the exposure to IDO-ex-
pressing CM from EBV-MDMs dramatically weakened the cyto-
lytic function of CD8* T cells, derived from PBMCs, against target
cells. In accordance with our observations, Liu et al. reported that
in an experimental rat lung allograft model, IDO creates a local
microenvironment that leads to not only a reduction in the num-
bers of CD8™" tumor-infiltrating lymphocytes (TILs) but also the
loss of the cytotoxic activity of the CD8™ effector T cells toward
their target cells (40). The impaired cytotoxic function observed
for IDO-treated CD8™ T cells was accompanied by defects in the
production of granule cytotoxic proteins, including perforin and
granzymes A and B. Moreover, IDO leads to an impaired bioen-
ergetic condition in active CD8 " T cells via the selective inhibition
of complex I in the mitochondrial electron transfer chain (40).
Our previous study also showed that exposure to the milieu cre-
ated by IDO-positive tumor cells, including NPC cells and esoph-
ageal tumor cells, significantly impaired lymphocytes against tar-
get tumor cells (17,41). Although IDO was induced by tumor cells
and stromal macrophages in NPC tissue through different mech-
anisms, the production of IDO from both of them together con-
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tributed to the immune-suppressive microenvironment, which
might downregulate anti-EBV or antitumor T cell responses, lead-
ing to EBV persistence or tumor immune evasion. However, fur-
ther studies are needed to elucidate the exact mechanisms by
which IDO expression in EBV-infected MDMs reduces the cyto-
toxicity of CD8™ T cells.

Taken together, these findings indicate that TNF-« and IL-6
are upregulated by MDMs in response to EBV infection and that
these two cytokines synergistically mediate the induction of IDO
expression. EBV-induced IDO expression in MDMs is mediated
largely by the p38/MAPK and NF-«kB pathways. The activation of
IDO in response to EBV infection of MDM:s could be a key event
in creating an immunosuppressive microenvironment by sup-
pressing the proliferation of T cells and impairing the cytotoxic
function of CD8™" T cells. Although the precise role of tumoral
IDO in EBV-MDMs remains to be elucidated, our findings sug-
gest that blocking IDO activity may provide a means of restoring
host antivirus and antitumour immunity in the treatment of NPC.
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